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Crystalline silicon carbide is a chemically inert wide band gap semiconductor with good mechanical
strength and oxidation-resistant properties at elevated temperatures, which make it a good sensor
material for harsh environments such as combustion chambers and turbine systems. For such cases,
optical sensors are generally superior to electrical sensors in many aspects such as responsivity,
detectivity, and sensitivity. This paper presents a wireless technique for pressure and chemical
sensing based on the pressure-and temperature-dependent refractive indices of silicon carbide. A
helium-neon laser with a wavelength of 632.8 nm was used as a probe laser to obtain the
complementary Airy pattern of the laser power reflected off a silicon carbide wafer segment at high
temperatures 共up to 300 ° C兲 and pressures 共up to 400 psi兲. The interference patterns revealed unique
characteristics for nitrogen and argon test gases. This pattern is different at the same pressure and
temperature for the two gases, indicating the chemical sensing selectivity capability of silicon
carbide. Also the pattern changes with pressures for the same gas, indicating the pressure sensing
capability. The refractive index of silicon carbide has been obtained for different pressures and
temperatures using the interference pattern. A three-layer model has been employed to determine the
refractive indices of the gases using the reflected power data. © 2006 American Institute of Physics.
关DOI: 10.1063/1.2191478兴
I. INTRODUCTION

Sensors are used for pressure and temperature measurements as well as for detecting gases. Various types of sensors
are available, each having operational capability within a
certain limit. The combustion chambers and turbine systems
in most of the power plants operate with an average efficiency of about 33%. The efficiency can be increased by
operating the power plants at very high pressures and high
temperatures and by implementing advanced feedback process control electronics such as the sensors. Gas sensors and
their sensing mechanism for such applications are under active investigation.1–6
Most of these sensors are based on silicon, thus rendering their operational limits to below 250 ° C.7 Some of the
key requirements of the sensor are its ability to withstand
harsh environment during sensing operation and its response
time. The lambda sensor for measuring the gas concentration
in automobile engines is not operated during the startup of
the engine, because contact with engine fluids could damage
the hot sensor.8 About 98% of the pollutants are released
during this startup period resulting from the absence of a
sensing capability. Improved sensing capability can be reala兲
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ized by replacing current silicon sensors with wide band gap
semiconductor-based sensors that are capable of withstanding harsh environmental conditions.
SiC is considered to be a high temperature and high
power electronic material due to its superior thermal, mechanical, and electrical properties. The band gap of 6H-SiC
共around 3 eV兲9 is more than twice the band gap of silicon.
The high sublimation temperature 共about 2700 ° C兲, extremely low intrinsic carrier concentration, and wide band
gap allow SiC-based sensors to operate at elevated temperatures, without a significant degradation of the electronic and
other material properties.10 It is not possible to achieve such
operational capability with conventional Si-based devices.
SiC sensors can also endure corrosive media with minimal
degradation due to their chemical inertness, thereby enabling
its usage in a variety of sensing applications where Si-based
components fail. The strong affinity of SiC to hydrocarbon
makes it suitable for gas sensor applications.11
The semiconducting property of SiC has been exploited
widely for sensor design. Field effect transistor 共FET兲-based
devices are used in numerous applications such as combustion furnace, automobile industry, selective catalytic reduction 共SCR兲 systems, and also as lambda sensors.12 The sensor
response time, which is a critical parameter in feedback pro-
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cess control applications, has been tested for various configurations of catalytic metals used in FET-based sensors.
The time constant of the sensors was found to be very small
and heavily influenced by temperature. Prototypes of such
sensors exhibited a response time less than 10 ms at 500 ° C
when changing from an oxidizing to a reducing
atmosphere.13 For small power plants 共⬃1 MW兲, Fourier
transform infrared 共FTIR兲 spectroscopy is an expensive technique; so sensors based on electrical response are viable alternatives. SiC-based metal-semiconductor field-effect transistor 共MESFET兲 sensors, with proper choice of the type and
structure of the catalytic gate, can be used for sensing applications. Metal, reactive insulator-based sensors have also
been developed for hydrocarbon sensing with an operational
temperature range of 300– 600 ° C.14 The performance of
sensors that are based on the electrical response is affected
by the contact lead degradation and the chemical reactions
between the metal and semiconductor. At high temperatures
the electrical contact to the sensor tends to melt and silicides
and carbides tend to form at the metal-SiC interface. Sensors
that are based on optical response15–19 offer advantages in
this regard. Optical techniques such as multibeam interference have been used for temperature measurement by interrogating a thin film of SiC 共0.5– 2 m兲 on a single crystal
sapphire, a Fabry-Pérot cavity. The temperature response of
the sensor was evaluated up to 540 ° C in the visible to infrared wavelength region.20 In this study the optical response
of a silicon carbide wafer segment has been detected in the
form of a complementary Airy pattern for two different gases
for varying temperature and pressure. The SiC wafer segment is a Fabry-Pérot etalon. The principle of multibeam
interferometry has been applied to analyze the patterns.
II. EXPERIMENTAL PROCEDURE

Single crystal silicon carbide 共6H-SiC polytype兲 wafer
segments were used in this study. The thickness of the wafer
was measured to be 420 m. The wafer was cleaned chemically before conducting reflected power measurement experiments. A 1 min buffered oxide etching was carried out to
etch any native oxide that might have formed on the surface
of the wafer. The formation of oxide scale is similar to the
case in silicon except that it is much slower in SiC. The
etching process was carried out to ensure that the wafer was
clean. The sample was rinsed with de-ionized water, cleaned
with soap scrub to remove any dirt particles, followed by
rinsing with trichloroethylene, acetone, methanol 共TAM兲,
and de-ionized water to remove organic contaminants from
the surface. Excess de-ionized water was removed using neutral absorbent paper and air dried using a nitrogen gun.
The schematic of the experimental setup used for studying the temperature-dependent and pressure-dependent optical properties of silicon carbide for two different gases is
shown in Fig. 1. It provides various features of a laser-based
wireless gas sensing system. The sensor is a polished SiC
wafer segment with polished surfaces to allow specular reflection of the He–Ne laser beam. It is placed on a shallow
groove of diameter 2.54 cm in a stainless steel pedestal of
diameter 2.9 cm. The pedestal is placed at the center of a
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FIG. 1. Schematic layout of the experimental setup used for reflectivity
measurement.

water-cooled copper coil connected to a water-cooled induction heater to heat the pedestal uniformly. The hot pedestal
heats up the sensor. The pedestal contains a small hole of
7.9 mm diameter that creates a 50 mm2 area for the reflected
power interrogation measurement. The volume of the hole
beneath this sensor area represents the ambient whose property needs to be monitored with the sensor in practical applications. This volume can be filled with different gases
through a gas feed mechanism and the pressure of the gas is
controlled with a high pressure regulator. To hold the sensor
in place against this gas pressure, a ceramic insulator was
placed on top of the sensor and then a copper plate was
mounted on the ceramic insulator. The copper plate was secured to three copper posts attached to a stainless steel base
plate. The copper plate and the ceramic insulator have a hole
at the center similar to the pedestal to interrogate the sensor.
A continuous wave He–Ne laser with a wavelength of
632.8 nm was used as an interrogation probe beam to examine the reflective property of the SiC sensor as a function of
temperature, gas, and gas pressure. The reflected power was
measured with an optical power detector connected to a
power meter. The temperature of the sensor was measured
with a thermocouple connected to a temperature controller.
Both the reflected power and temperature were collected in a
time-synchronized manner through computerized data acquisition. The randomly polarized He–Ne laser beam was converted to the transverse magnetic 共TM兲 mode, i.e., a parallel
polarization component created by passing the beam through
a polarizer. For normal incidence of the He–Ne beam, the
TM polarized beam is partially transmitted through a beam
splitter placed at a 45° angle with respect to the incident
beam. The beam splitter was specifically designed to operate
at 632.8 nm wavelength. A fraction of this beam is reflected

094902-3

J. Appl. Phys. 99, 094902 共2006兲

Dakshinamurthy, Quick, and Kar

and transmitted by the sensor. The reflected beam is transmitted through the beam splitter onto a detector that measures its power.

III. RESULTS AND DISCUSSION

The optical properties of crystalline solids are generally
related to their response to any optical excitation at a given
temperature and pressure. While the stainless steel pedestal
in Fig. 1 enables heating the SiC wafer segment gas pressure
can be applied to the bottom surface of the wafer segment
interfacing a pressure cell. The effects of various gases and
their pressures are studied by examining the reflective property of the wafer segment. The power of the He–Ne laser
beam reflected by the silicon carbide sample exhibited oscillatory patterns 共Figs. 2 and 3兲, which are due to the constructive and destructive interferences of the reflected light. A
portion of the incident beam is transmitted through the silicon carbide wafer segment. This beam undergoes multiple
reflections between the top and bottom surfaces of the wafer
segment, emerges as phase-shifted light through the top surface, and interferes to produce the observed interference pattern. In Figs. 2 and 3, the maxima represent the constructive
interference effect and the minima are the destructive interference. The maxima correspond to the even multiples of the
phase angle 共兲 and the minima correspond to the odd multiples of . For normal incidence of the laser beam, the phase
angle is given by

 = 2

n共,T, P兲d共T, P兲
,


共1兲

where n共 , T , P兲 is the refractive index of the silicon carbide
wafer segment, which is influenced by the wavelength 共兲
due to the dispersion phenomenon, temperature 共T兲 due to
the thermo-optic effect, and pressure 共P兲 due to the stressoptics effect. d共T , P兲 is the sample thickness which is affected by the temperature and pressure, and  is the wavelength of the incident light in vacuum.
Figures 2 and 3 represent the reflected power of the SiC
wafer segment when its bottom surface is exposed to nitrogen and argon, respectively, at varying pressures. The change
in temperature at a constant pressure causes the reflected
power to oscillate between certain maximum and minimum
values. These oscillations reveal an interesting pattern. Unlike the cases of atmospheric pressure 关Figs. 2共a兲 and 3共a兲兴,
the oscillations tend to diverge progressively with temperature at higher pressures. The divergence patterns of the oscillations are unique or to the type of gases, nitrogen and
argon in this case, signifying that these patterns can be attributed to the characteristic identity of the individual gases
in chemical sensing applications. The sensor system is selective to the gas species. Another aspect of these characteristic
oscillations is that the divergence pattern fans out with increasing pressure, thus enabling pressure sensing capability
of the sensor.

FIG. 2. Reflectance of 6H-SiC upon
exposure to nitrogen gas at pressures
of 共a兲 14.7, 共b兲 100, 共c兲 200, and 共d兲
400 psi, as a function of temperature
from 27 up to 300 ° C for normal incidence of the laser beam.
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FIG. 3. Reflected power of silicon carbide upon exposure to argon gas at
pressures of 共a兲 14.7, 共b兲 100, 共c兲 200,
and 共d兲 400 psi, as a function of temperature from 27 up to 300 ° C for normal incidence of the laser beam.

A. Refractive index of 6H-SiC at high pressures
and temperatures

The temperature dependent refractive index21 of a
sample can be obtained from the above-mentioned interference pattern using the following expression:
nm+1 =

冋

冉

冊册

0
␣mid⌬T
+ 1−
nm ,
1 + ␣mid⌬T/2 2d共T0, P兲
2
1

共2兲

ness is taken into account using the expression d共T0 , P兲
= d0共1 − 兲, where d共T0 , P兲 is the wafer segment thickness at
room temperature 共T0兲 and pressure 共P兲, whose values are
approximately 412, 405, and 390 m at the gas pressures of
100, 200, and 400 psi, respectively and d0 = 420 m which is
the original thickness of the wafer segment.
The strain 共兲 is given by23  =  / E, where  is the applied stress and E is the elastic modulus. The value of elastic
modulus has been reported as 392– 694 GPa for 6H-SiC.24
In this study an average value of 543 GPa was used for E

where nm+1 and nm are the refractive indices of silicon carbide at locations lm+1 and lm, i.e., at temperatures Tm+1 and
Tm, respectively 共Fig. 4兲, and at the pressure P that was applied to the wafer segment using nitrogen or argon. In other
words, nm can be written as nm = n共Tm , P兲 for a fixed wavelength. ␣mid is the thermal expansion coefficient of silicon
carbide at the temperature corresponding to the midpoint
共lmid兲 of the straight line lmlm+1 in Fig. 4. Its value for silicon
carbide is given by22

␣ = 3.19 ⫻ 10−6 + 3.60 ⫻ 10−9 ⫻ T − 1.68 ⫻ 10−12 ⫻ T2 ,
共3兲
so ␣mid = ␣关共Tm + Tm+1兲 / 2兴 and ⌬T = Tm+1 − Tm. Knowing the
refractive index 共n0兲 of SiC, which is calculated at room
temperature 共T0兲 using Fresnel’s formula R = 共n − 1兲2 /
共n + 1兲2, the refractive indices can be obtained at higher temperatures from Eq. 共2兲. While the effect of temperature on
the thickness of silicon carbide is considered using the thermal expansion coefficient, the effect of pressure on the thick-

FIG. 4. A typical oscillatory reflected power profile 共complementary Airy
pattern兲 showing the phase angles 共兲 between the adjacent branches of the
oscillations. Such patterns are formed due to the interference of a multiply
reflected He–Ne laser beam.
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FIG. 5. Refractive index of silicon carbide when exposed to nitrogen at
different pressures 共14.7, 100, 200, and 400 psi兲 and temperatures 共27 up to
300 ° C兲.

and the stresses were taken to be 14.7, 100, 200, and 400 psi.
It can be observed from Figs. 5 and 6 that the refractive
index of silicon carbide increases with applied pressure. The
interface of the silicon carbide wafer and gas 共nitrogen or
argon兲 experiences compressive stresses under high gas pressures and this produces a comparatively denser layer of silicon carbide near its bottom surface. The refractive index of
this compressed layer is higher than the refractive index of
the overlying uncompressed layer. This is evident in Figs. 5
and 6 showing an increase in the refractive index with pressure.
B. Three-layer model for the effect of gas pressure
on the refractive index of 6H-SiC

As mentioned above, the type of the gas and the pressure
of the gas affect the oscillatory pattern of the reflected light.

r23 =

FIG. 6. Refractive index of silicon carbide when exposed to argon at different pressures 共14.7, 100, 200, and 400 psi兲 and temperatures 共27– 300 ° C兲.

To analyze this effect, a three-layer model is considered 共inset in Fig. 1兲 in which layer 1 is the ambient air on top of the
SiC wafer, layer 2 is the SiC wafer itself with refractive
index as determined above, and layer 3 is a composite layer
consisting of a few compressed atomic planes of the SiC
crystal and a high pressure sheet 共boundary layer兲 of the gas
around the bottom surface of the wafer. The reflectance, R, of
such a three-layer structure can be expressed as25
R=

and then the refractive index, n3, of the composite layer is
obtained from the Fresnel relation expressing the refractive
index in terms of the Fresnel reflection coefficient25
n3 = n

1 + r23
.
1 − r23

2 2
1 + r12
r23 + 2r12r23 cos 

共4兲

for a given laser beam, where r12 and r23 are the Fresnel
reflection coefficients of layer 1-layer 2 and layer 2-layer 3
interfaces, respectively. Equation 共4兲 can be solved for r23,
which is given by

2
2
− 关共1 − R兲r12 cos 兴 ± 冑关共1 − R兲r12 cos 兴2 − 共1 − Rr12
兲共r12
− R兲
2
共1 − Rr12
兲

2
2
+ r23
+ 2r12r23 cos 
r12

,

共5兲

mum points in the pattern correspond to even and odd multiples of , respectively. The refractive index of the composite layer 共n3兲 was obtained using Eq. 共6兲 and its average
values are shown in Figs. 7 and 8. As mentioned before, the

共6兲

Equation 共5兲 yields two values of r23, which in turn provide two values of the refractive index n3. In this study, one
of the two values was found to be very close to the refractive
index of SiC 共e.g., 2.39兲 and the other value was very high
共e.g., 17.44兲. So the actual refractive index n3 was selected to
be the one that was within close proximity of the refractive
index of SiC.
To calculate r23 using Eq. 共6兲, the reflectance data 共Figs.
2 and 3兲 were used and r12 was determined using Fresnel’s
relation r12 = 共n2 − 1兲 / 共n2 + 1兲. The value of  at any point on
the complementary Airy pattern was obtained through linear
interpolation along each arm of the pattern 共e.g., straight line
lmlm+1 in Fig. 4兲 and by noting that the maximum and mini-

FIG. 7. Refractive index of the composite layer due to nitrogen at different
pressures 共14.7, 100, 200, and 400 psi兲 and temperatures from 27 up to
300 ° C.
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C. Refractive index for gases at high pressures
and temperatures

The refractive index of a gas, ng, is related to its density
by the following Gladstone-Dale 共GD兲 relation:26
ng = 1 + RGD ,

共7兲

where RGD is the Gladstone-Dale constant and  is the density of the gas. The values of RGD are 0.238 and 0.158 cm3 / g
for nitrogen and argon, respectively. Equation 共7兲 can be rewritten for an ideal gas as follows:
FIG. 8. Refractive index of the composite layer due to argon at different
pressures 共14.7, 100, 200, and 400 psi兲 and temperatures from 27 up to
300 ° C.

composite layer is formed by the SiC-gas interface 共inset in
Fig. 1兲 and therefore the optical properties of this region are
expected to be different from that of the gas. Also the refractive index of this composite region may be governed by the
complex interactions of the atoms of SiC and gas at high
temperatures and pressures.
Figures 7 and 8 show that the refractive index of the
composite layer decreases with temperature. This trend suggests that the gas sheet of this composite layer has a dominant effect on the refractive index 共n3兲 of the composite layer
when the temperature increases. This may occur because the
refractive index of gases generally decreases as the temperature increases. The decrease in the refractive index, however,
is much less at atmospheric pressure than at higher pressures
共100, 200, and 400 psi兲. This effect of the pressure is associated with the divergence patterns in Figs. 2 and 3 where the
oscillatory patterns exhibit little or no divergence at atmospheric pressure compared to the patterns at higher pressures.

ng = 1 + RGD

PM
,
R *T

共8兲

where M is the molecular weight of the gas, R* is the universal gas constant, and T is the absolute temperature of the
gas. The theoretical refractive indices of the two gases obtained from Eq. 共7兲 are plotted in Fig. 9, which also contains
the refractive indices determined from the experimental data.
The refractive index for the gases is obtained by considering
that the refractive index of the composite layer depends on
the refractive indices of SiC and gas linearly as given by
n3 = a ⫻ n + b ⫻ ng ,

共9兲

where a and b are two constants which are determined by
fitting the data, i.e., the values of n3 and n 共which are based
on the experimental data兲 and the values of ng 关which are
based on the theoretical expression 共8兲兴, at two different temperatures such as the room temperature and 300 ° C. These
values are listed in Table I for nitrogen and argon, respectively, for different pressures. The refractive index of the gas
was found to be inversely proportional to temperature and
directly proportional to the pressure of the gas, as predicted
by the theory. The refractive indices of nitrogen and argon

FIG. 9. Refractive indices of nitrogen
and argon as a function of temperature
from 27 up to 300 ° C at pressures of
共a兲 14.7, 共b兲 100, 共c兲 200, and 共d兲
400 psi.
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TABLE I. Fitting parameters a and b for determining the refractive index of nitrogen and argon.
27 ° C

300 ° C

Pressure
共psi兲

n3

n

ng

n3

n

ng

a

b

Nitrogen

14.7
100
200
400

2.359
2.35
2.328 4
2.292 55

2.416 18
2.423 12
2.425 93
2.428 85

1.000 27
1.001 84
1.003 69
1.007 89

2.346 23
1.993 35
1.983 77
1.971 8

2.438 51
2.440 37
2.443 12
2.447 29

1.000 14
1.000 96
1.001 93
1.003 87

−0.5411
−18.29
−15.88
−11.61

3.665
46.602
40.703
30.278

Argon

14.7
100
200
400

2.210 4
2.208 71
2.193 57
2.179 81

2.412 02
2.420 20
2.422 06
2.425 1

1.000 25
1.001 74
1.003 48
1.006 96

2.193 45
2.120 64
2.06
1.980 27

2.435 56
2.438 33
2.440 20
2.443 85

1.000 13
1.000 91
1.001 82
1.003 64

−0.6876
−4.283
−5.872
−7.191

3.8676
12.552
16.360
19.485

Gas

are shown in Fig. 10 as a function of pressure. The gases do
not show a significant variation in their respective refractive
index at atmospheric pressure even when the temperature is
increased. As the pressure increases, however, the temperature change induces a significant variation in the refractive
indices for both gases.
IV. CONCLUSION

The effect of gas on the optical properties of 6H-SiC has
been studied as a function of temperature and pressure. The
reflectance of the SiC wafer exhibited unique oscillatory patterns for both nitrogen and argon at high pressures and tem-

peratures. The oscillatory pattern tends to diverge with an
increase in pressure. This divergence was more prominent
for argon than for nitrogen. These patterns can be utilized to
determine the refractive indices of SiC and the underlying
gas in order to measure the pressure of the gas and to identify
the type of the gas. At high pressures and temperatures, complex optothermal and optomechanical interactions occur between the gas and the compressed atomic planes of the SiC
crystal, leading to the formation of a composite layer whose
refractive index is different from that of the original SiC
wafer segment and the underlying gas. The refractive index
of this composite layer was obtained using the reflectance

FIG. 10. Refractive indices of nitrogen and argon as a function of pressure for different temperatures: 共a兲 27,
共b兲 100, 共c兲 200, and 共d兲 300 ° C.

094902-8

data and then the refractive indices of the gases were obtained using an empirical relation involving the refractive
indices of the composite layer and the SiC wafer segment.
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